ABSTRACT. We investigated the in vitro process of cell death caused by Egyptian cobra venom on primary human embryonic kidney (293T) and mouse myoblast (C2C12) cell lines. The aim of these studies was to provide further information about triggering cell death, and suggest methods for eliminating unwanted cells, such as tumour cells. Both cell lines were treated with 10, 20, and 50 µg/ml of Egyptian cobra (Naja haje) venom in serum free media (SFM) and incubated for 8 hours. Total activities of the lactate dehydrogenase (LDH) and creatine kinase (CK) released in the culture during venom incubation were used as an indicator of the venom in vitro cytotoxicity. Cell injury was morphologically recognized and apoptosis determined by a Fluorescing Apoptosis Detection System and confirmed by staining nuclear DNA with DAPI. Our data clearly demonstrated marked cytotoxic effects and acute cell injury for both cell lines. Release of LDH and CK into the culture media induced by the venom correlates well with the morphological changes and extent of cell death. Mostly, these consequences were time and dose-dependent in both cell lines. The results obtained from this study indicated that cobra venom cause cell death by two different mechanisms: necrosis and induction of apoptosis. The apoptotic mechanism, accompanied by cell necrosis, mediated cell destruction of both tested cell lines; however, necrosis was predominant in the C2C12 cell line while apoptosis, in 293T cells. This unusual form of cell death induced by cobra venom may represent a combination of apoptosis and necrosis within the same cell. This is a first-hand investigation showing the apoptotic effects of N. haje venom at the cellular level. However, the contribution of the apoptotic pathway may be dependent on concentration and/or time of exposure to snake venom.
INTRODUCTION
Cell death is caused by two primary processes: A) necrosis, in which the release of intracellular proteases and lysozymes induce an inflammatory response, or B) apoptosis, in which the cell remnants disappear as they are phagocytosed by surrounding cells (15) . Cell death by necrosis usually follows a major acute pathological injury, such as hypoxia, hyperthermia, exposure to various exogenous toxins, or attack by complement. Necrosis is also characterized by early mitochondrial swelling and failure, followed by dysfunction of the plasma membrane with loss of homeostasis, cell swelling, and finally, rupture (30) . On the other hand, Houchins (11) suggests that the major physiological mechanism of cell removal is apoptosis, in which cells are silently removed under normal conditions when they reach the end of their life span or are damaged by certain internal or external stimuli. Although the death signal may be regulated by gene expression, the process can be set in motion by diverse stimuli, such as genotoxic damage (chemotherapy and radiation), or cytokines deprivation (15) .
Snakes are cold-blooded carnivorous vertebrates, and some species possess dangerous venoms. Cobras, which are widely distributed over the world, belong to the Elapidae family.
Their venom contains a mixture of many different proteins, including a variety of enzymes (proteases and phospholipases), non-enzymatic polypeptide toxins (neurotoxins and cardiotoxins), and other substances (33, 34) . Symptoms of snake envenoming result from combined effects of the complex protein components present in the venom. In severe cases, or at later stages of envenomation, tissue damage reaches many organs, such as the brain, lung, kidney, heart, and liver (14, 18, 21, 40) . However, several studies have suggested the use of some venom components as therapeutic and anticancer agents, as well as in the production of recombinant neurotoxins (16, 36) .
Clinically, the most common and important effect of Elapid envenomation in Africa is local tissue necrosis (3, 38) . The mechanism of local necrosis resulting from Elapid venom may be different from that of the viper. Elapid venoms, generally, are not rich in enzymes, particularly proteases, thought to be responsible for the tissue damage that follows viper bites.
African cobras bites produce necrotic effects that could be explained by the 60-70 amino acid polypeptides, known as cytotoxins (or in some cases, cardiotoxins), and myotoxins, such as phospholipase A 2 . There is no clear correlation between the composition of Elapid venoms and the incidence of local necrosis after their bites; however, the injected venom dose may be an important variable (37) .
Egyptian cobra, Naja haje, is widely distributed in Africa and the Middle East. The LD 50 of its venom is 0.12 µg/g (19) . Envenomation causes local pain and swelling, and may be associated with blistering at the bite site. Neurotoxic and systemic symptoms develop within few hours, and deaths have occurred within 6-16 hours after large snakes' bites, despite the use of antivenom and mechanical ventilation (38) . Several authors have reported that sublethal doses of N. haje venom induced potent histopathological, histochemical, and pathophysiological alterations in the heart, liver, kidney, and brain of rats (4, 12, (22) (23) (24) . These pathological changes included severe degrees of cellular damage concomitant with marked signs of both myolytic and coagulative necrosis (27) (28) (29) .
In vitro cell culture model systems and screening assays for cell death have become important tools to determine the chronology of events resulting in apoptosis. These systems have also proved to be useful in screening for inhibitory or stimulatory compounds that affect specific enzyme systems or the general process of cell death and apoptosis (20) .
Despite the great advances in the understanding of morphological and biochemical alterations associated with chemical induced cell injury, the in vitro cytotoxic effects of cobra venom at the cellular level has not been well characterized. In this study, we analysed the type of cell death induced by Egyptian cobra venom on primary human embryonic kidney (293T) and mouse myoblast (C2C12) permanent cell lines at various time intervals, attempting to clarify the mode of action of the cytotoxic effects of this lethal venom.
MATERIALS AND METHODS
N. haje crude venom was milked from snakes collected from the El-Fayoum region in Egypt.
The venom was rapidly frozen, lyophilised and kept in a dessicator at 4 o C until used. 
Cell cultures
293T and C2C12 cell lines were used in this study. 293T is a permanent line of primary human embryonic kidney cells, which has favourable tissue culture, transfection, and protein production properties (35) . C2C12 is a subclone cell line derived from mouse myoblast cells from normal adult C3H leg muscle. This cell line rapidly differentiates and produces extensive contracting myotubes expressing characteristic muscle proteins. It also provides an excellent model to study myogensis and cell differentiation in vitro (39) . The cells were cultured in DMEM media (Sigma, St. Louis, MO, USA), supplemented with 10% heated inactive foetal bovine serum (FBS), 2mM L-glutamine, and the antibiotics penicillin (10,000-units/L) and streptomycin (100-mg/L). Both cell lines were incubated as monolayers and cultured in plastic Falcon dishes (GIBCO, Grand Island, NY) at 37 o C/8% CO 2 in a fully humidified atmosphere.
Biochemical analysis
The cells used in this study were harvested by trypsinization (0.25% trypsin in PBS for 1 min), resuspended in fresh medium and plated in 24-well plates at 1.5 x 10 4 -2 x 10 5 cells/well. Both cell lines were incubated under the same conditions mentioned above.
Different doses of cobra venom were prepared in serum free media (SFM), which was used to avoid a possible interaction between the venom and FBS. After 48 hours, the cultures were treated with various concentrations (10, 20 , and 50 µg/ml in SFM) of snake venom, and the cells were incubated for 8 hours. Toxicity was quantitatively assayed by measuring the activity of the cytosolic enzyme lactate dehydrogenase (LDH) released into the culture medium after membrane rupture. Samples from clarified medium of treated and untreated control wells (6 samples/treatment) were taken after 0. Survival of the C2C12 cell line was ascertained by measuring the creatine kinase (CK) released into the culture media, which indicated muscle damage. CK was measured using
Sigma Kit CK 47-UV; an assay based on the procedure described by Szasz et al. (32) . The percentage of CK activity during cobra venom incubation was calculated according to the protocol described by Bruses et al. (2) .
Morphological alterations and cell damage were qualitatively investigated using a light phase contrast microscope (Leica DMIRB, Germany), and the photos were taken at different time intervals by computerised Colour Coolview camera using the Image-Pro ® Lite software (Media Cybernetics, Silver Spring, MD, USA).
Venom stability in culture
In order to test venom stability in the liquid medium, the culture containing cobra venom was incubated at 37 o C in an 8% CO 2 fully humidified incubator. After different time intervals of incubation, samples of venom solution were taken and tested on C2C12 cells by measuring the activity of the CK released. The data obtained from this experiment indicated that cobra venom was stable during the incubation period (24 h), and its cytotoxic effects on the selected cell line were marked.
Apoptosis assays
The C2C12 and 293T cells were cultured on lab-Tek chamber slides using the same culture medium as previously mentioned. Three days after reaching confluence, the cells were treated Nuclear DNA breaks were confirmed by the DNA nick end labelling (TUNEL) method. After the treatment, slides were washed 3 times with PBS and directly processed in the apoptosis detection assays. The assay used was a Fluorescein Apoptosis Detection System (Promega Madison, WI, USA), which is designed for specific detection and quantitation of apoptotic cells within a population of both apoptotic and non-apoptotic cells (8, 10, 20) . This system measures fragmented DNA of apoptotic cells by catalytically incorporating fluorescein-12-dUTP at the 3-hydroxyl ends of the fragmented DNA using the enzyme Terminal deoxynucleotidyl Transferase (TdT), which forms a polymeric tail by the principle of the TUNEL (TdT-mediated dUTP Nick-End Labelling) method. When the enzymatic labelling procedure was completed, the slides were washed and the cells were counterstained with 1 µg/ml propidium iodide (red at 620 nm) for 15 minutes. The slides were mounted and photographed with a Leica DMIRB fluorescent microscope, and the dual exposure micrographs were recorded at 400X magnification using standard Fluorescein filter sets.
Apoptotic cells have incorporated fluorescein-12-dUTP (yellow-green at 520±20 nm)
indicating the presence of DNA fragments.
Statistical analysis
Data represent the mean ± SE of at least 5 replications. Statistical significance was tested by one way ANOVA and p-values inferior to 0.05 were considered significant.
RESULTS

Biochemical analysis
It is well documented that the in vitro release of LDH provides an accurate measure of cell membrane integrity and cell viability. Figure 1 shows the values of LDH released from the 293T cell line after 8 hours of incubation with cobra venom at concentrations ranging from 10 to 50 µg/ml. The effect (% LDH released) of the snake venom was dose and time-related.
This effect was significant when compared to the control values after 4 and 8 hours at 10µg/ml, and after 2, 4 and 8 hours at 20 µg/ml. Although 10 and 20 µg/ml of Egyptian cobra toxin caused about 38-60% of LDH release respectively, 50 µg/ml released about 83% of LDH after 8 hours of incubation. The cytotoxic effect of the highest dose was significantly different to the control, as well as 10 and 20 µg/ml after 2, 4 and 8 hours.
N. haje venom produced significant release of cytosolic LDH into the culture medium at the different concentrations tested, compared to the control C2C12 cell line ( Figure 2 ). This significant effect started 30 minutes after the incubation with 20 and 50 µg/ml. At the highest concentration (50 µg/ml), about 4% of the total LDH was retained by the cells after 8 hours of incubation with snake venom, while 56% and 70% was released by the same time after treatment with 10 and 20 µg/ml, respectively. Thus, a clear difference between the toxic potency of cobra venom on the C2C12 and 293T cell lines was detected. As shown in Figure   2 , the contact time needed for cobra venom to induce a high value of LDH release (45% at 50 µg/ml) was extremely short (30 min).
In order to investigate the in vitro muscle toxicity, a similar experiment was performed with the C2C12 cell line and CK activity in the medium (the presence of which indicates muscle injury). Figure 3 shows a dose-response effect of cobra venom on cultured C2C12 cells. A significant activity of CK released was recorded after 2, 4, and 8 hours of incubation with the lowest dose (10 µg/ml), compared to the untreated cells. However, this effect was observed as early as 1 hour and sustained up to the end of the experiment at a concentration of 20 µg/ml.
At the highest venom dose (50 µg/ml), significant levels of cytosolic CK were released after 0.5, 1, 2, 4, and 8 hours of incubation (38, 59 , 65, 81, and 95%, respectively). This effect was also statistically significant compared to the other doses (10 and 20 µg/ml) after 2, 4, and 8
hours, accompanied by an increase in the number of spontaneous muscle twitches, especially after 1 and 2 hours of incubation.
Morphological analysis
Untreated 293T cells were homogeneously distributed in the culture field exhibiting a polygonal shape with distinct boundaries and homogenous or slightly granulated cellular contents ( Figure 5A ). However, after incubating this cell line with cobra venom for 8 hours, Figure 6D ).
Venom apoptotic effect
The in vitro apoptosis in 293T and C2C12 cell lines was analysed both qualitatively and quantitatively. Two techniques were used to detect the morphological changes in the however, a marked reduction in this number was observed, especially at the highest concentration (50 µg/ml) of the venom after 8 hours of treatment. In 293T cells incubated with 10 µg/ml dose ( Figure 4A ), the apoptotic indices were increased from 18% after 2 hours of incubation to 40% after 4 hours of incubation, then slightly increased to 45% after 8 hours of incubation. An additional increase (from 22% to 45% and 50%) in the apoptotic cells was observed 2, 4 and 8 hours, respectively, after the treatment with 20 µg/ml of cobra venom.
The highest percentages (28% and 47%) of apoptotic cells were recorded after 2 and 4 hours of incubation, respectively, with a 50 µg/ml dose, followed by a marked decline (30%) after 8 hours ( Figure 4A ). Figure 4B shows that the cultured C2C12 cell line apoptotic indices caused by Egyptian cobra venom is, to some extent, different from those recorded in the 293T cell line, with 15%, 33%, and 28% of apoptosis after 2, 4, and 8 hours of incubation, respectively, with a 10 µg/ml dose. Cells treated with 20 µg/ml of cobra toxin revealed an average percentage of apoptotic indices from 20% after 2 hours to 38% after 4 hours, which decreased to 25% after 8 hours. The lowest apoptotic indices (20%) were observed after 8
hours of incubation with a 50 µg/ml dose. 
DISCUSSION
Cell death is currently the subject of considerable researches. This interest stems, in part, from the potential of understanding the oncogenesis and from the possibility of exploiting cell death program for therapeutic purposes. Cell death has been considered to be a degenerative phenomenon, a summary of the cell metabolic activity (6) . In 1982, Farber (7) suggested that, under certain conditions, cell death might not be a passive event, but rather the result of an active process, as the overproduction of "cell suicide" instead of "cell homicide" enzymes or proteins. Some snake venoms contain toxins that are reported to induce cell death in vivo (14, 21, 27, 29) and selectively damage certain types of cells, such as muscles (2, 28, 40) . In this work, we analyse the in vitro process of cell death caused by Egyptian cobra venom on two different cell lines, which may not only be useful to understand how cell death is triggered, but also provide means for eliminating unwanted cells, such as tumour cells.
Our data clearly demonstrated marked cytotoxic effects and acute cell injury produced by N.
haje venom in the 293T and C2C12 cell lines. The release of LDH and CK into the culture media, which gives an accurate measure of cellular toxicity induced by the venom, correlates well with the severity of cell death and membrane damage observed in this study. Mostly, these effects were time and dose-dependent in both cell lines. The in vitro release of the cytosolic enzymes, LDH and CK, proved to be a reliable test for cellular cytotoxicity, providing a measure of the cell membrane integrity and cell viability (2) . Early release (within 30-60 min) of significantly high percentages of these enzymes, especially after incubation with the highest dose of venom and the concomitant swelling of some treated cells, as evidenced in the morphological examination, revealed the occurrence of necrosis. This phenomenon of cell death was more characteristic in the C2C12 cell line than in 293T cells treated with cobra venom. It has been reported that the first step in necrosis is a reversible swelling of the cells followed by plasma membrane failure and subsequent cell lyses liberating cellular compounds (15, 26) . On the other hand, the apoptotic indices were higher in 293T cells (up to 50%) than in C2C12 cells (up to 38%) incubated with different cobra venom concentrations for 8 hours. Apoptosis was evident by the increased number of TUNEL and DAPI-stained positive nuclei, chromatin condensation and DNA fragmentation, apoptosis characteristics that have been observed on numerous occasions (5, 9, 13 emphasize that process of cell death was prominent in 293T cells. Furthermore, the examination of both cultured cell lines after 8 hours of treatment with the highest venom dose (50 µg/ml) showed severely shrunken and damaged cells, to the extent that individual cells could not be identified.
There are many reports on the effect of snake venoms and myotoxins in the muscle tissue, but none had established whether it is a primary or secondary effect produced by intramuscular microthrombosis, anoxia, bleeding, and others. (1, 17, 25) . This investigation shows that the damage induced by Egyptian cobra venom on both cell lines is direct and not secondary to microcirculation disruption, which causes muscle necrosis in animals and human beings.
The conclusions obtained from this study indicate that cobra venom cause cell death by two different mechanisms: necrosis and induction of apoptosis. The apoptotic mechanism accompanied with cell necrosis was observed in both tested cell lines; however, necrosis was predominant in C2C12 cells, while apoptosis was more common in 293T cells. This unusual form of cell death induced by N. haje venom may represent a combination of apoptosis and necrosis within the same cell. It can be suggested that cell injury caused by the cytotoxic components of cobra venom activate a death program that leads to irreversible damage and necrotic effects on 293T and C2C12 cells. This form of cell death was recognized by Shimizu et al. (30) in mesangial cells treated with anti-Thy-1.1 antibody. The use of the crude venom in this in vitro cytotoxicity study suggests that, probably, the effects observed are neither due to the venom metabolites nor one of its fractions, but rather to the combined venom components. Although we did not ascertain the mechanism of this effect, it is possible that our results could be due to the variations in the venom toxic components and their sensitivity to different cell types. This is a first-hand investigation showing the apoptotic effect of N. haje venom at the cellular level. Cell death induced by Egyptian cobra venom appears to be only partially associated with an apoptotic mechanism. The contribution of the apoptotic pathway may, however, be dependent on concentration and/or time of exposure to cobra venom. 
